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Human cDNAs corresponding to two epidermal
growth factor-related products that are overex-
pressed in human breast cancers, that for c-erbB-2
(HER-2) and for transforming growth factor a
(TGFa), have been cloned downstream of the mouse
mammary tumor virus (MMTV) long terminal repeat
promoter and injected into the pronucleus of fertil-
ized oocytes of Sprague-Dawley rats to produce trans-
genic offspring. Expression of the transgenic mRNAs
is not detectable in mammary tissue from virgin
transgenic rats but is detected in mammary tissue
from certain lines of mid-pregnant transgenic rats.
When two such lines of either type of transgenic rat
are subjected to repeated cycles of pregnancy and
lactation, they produce, primarily in the mammary
glands, extensive pathologies, whereas virgin trans-
genic rats produce no such abnormalities. Multipa-
rous transgenic female offspring from c-erbB-2-ex-
pressing lines develop a variety of focal hyperplastic
and benign lesions that resemble lesions commonly
found in human breasts. These lesions include lobu-
lar and ductal hyperplasia, fibroadenoma, cystic ex-
pansions, and papillary adenomas. More malignant
lesions, including ductal carcinoma in situ and carci-
noma, also develop stochastically at low frequency.
The mammary glands of transgenic females invari-
ably fail to involute fully after lactation. Similar phe-
notypes are observed in female MMTV-TGFa trans-
genic rats. In addition, multiparous TGFa-expressing
female transgenics frequently develop severe preg-
nancy-dependent lactating hyperplasias as well as re-
sidual lobules of hyperplastic secretory epithelium

and genuine lactating adenomas after weaning. These
transgenic rat models confirm the conclusions
reached in transgenic mice that overexpression of the
c-erbB-2 and TGFa genes predisposes the mammary
gland to stochastic tumor development. (Am J
Pathol 1999, 155:303–314)

Transgenic techniques have been used to create many
models of mammary neoplasia in the mouse1,2 and, to-
gether with models of tissue reconstitution,3 have pro-
vided an insight into the function of various oncogenes in
the development of breast cancer. With one exception,4

transgenic rat models for breast cancer have not yet
been described. It is of great interest to extend the gen-
eration of transgenic models of breast cancer to the rat to
complement and extend the results observed in the
mouse. Moreover, the origin, pathology, and sensitivity to
hormones of spontaneously arising rat mammary tumors
closely resemble those in the human.5,6 Given the struc-
tural and functional resemblance of rat mammary tumors
to their human counterparts, it is not surprising that ex-
perimental induction of mammary tumors in the rat by
methods such as administration of carcinogens or irradi-
ation has been carried out for many years.5 In contrast to
these relatively imprecise methods of induction, in which
the targeted gene is uncertain, creation of transgenic rats
that are predisposed to breast cancer by expressing
defined oncogenes in the mammary gland would enable
a more controlled analysis of the pathogenesis of the
disease to be carried out in this species.

Two of the most consistently expressed dominantly
acting oncogenes in human breast cancer are those for
transforming growth factor a (TGFa) and for c-erbB-2
(HER-2). TGFa is a member of the epidermal growth
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factor (EGF) family,7 and it induces a mitogenic response
by activating the EGF receptor tyrosine kinase.8 TGFa
can stimulate the growth of fibroblastic, myoepithelial-
like, and epithelial cells derived from normal mammary
glands and benign tumors.9 Moreover, under certain
conditions, TGFa can mediate the growth-stimulating ef-
fects of estrogen in human breast cancer cells in cul-
ture.10 Overexpression of TGFa and its cognate receptor
EGF-R have been implicated in the pathogenesis of
breast cancers. Thus, minimal immunoreactive TGFa is
detectable in normal human breast tissue, but increased
expression occurs in ductal hyperplasia, atypical hyper-
plasia, and ductal carcinoma in situ (DCIS).11 Immunore-
active TGFa has also been detected in 30% to 70% of
human breast carcinomas, and its presence correlates
with tumor burden.12–14 c-erbB-2 also encodes a tyrosine
kinase receptor15,16 that belongs to the EGF receptor
family and is the wild-type human homologue of the trans-
forming mutant rat oncogene neu.17,18 The level of c-
erbB-2 in normal human breast tissue is very low,19 but in
invasive breast carcinomas, expression of c-erbB-2 is
observed in 20% to 30% of patients, and this enhanced
expression is, in some cases, accompanied by amplifi-
cation of the c-erb-B2 gene.20–22 There is also an inverse
correlation between c-erbB-2 expression and patient sur-
vival, particularly in patients with no involved lymph
nodes.23,24 Moreover, almost 50% of early x-ray-
screened breast lesions of the carcinoma in situ type
express c-erbB-2.25 Its expression occurs in large-cell,
especially comedo-type in situ lesions, precursors of in-
vasive carcinoma.26

In transgenic mice, the results for the transforming
c-erbB-2 neu have been equivocal when using the mouse
mammary tumor virus (MMTV) promoter to target expres-
sion of the transgene to the pregnant/lactating mammary
gland. Thus, expression of neu in the mammary glands of
transgenic mice has been reported to result in the rapid
development of multifocal mammary tumors that metas-
tasize with high frequency,27–29 whereas other laborato-
ries have reported only the stochastic development of
mammary tumors with little evidence of metastasis.30,31

Expression of the non-mutated form of the rat c-erb-B2
gene in transgenic mice also resulted in the stochastic

development of mammary tumors, many of which metas-
tasized.32 The reasons for these discrepancies are un-
clear but may depend on novel additional somatic acti-
vating mutations within neu/c-erb-B2.33

In view of the potential advantages of the rat as a
model for human breast cancer and in view of the dis-
crepancies between the mouse transgenic models, we
have developed a method to produce transgenic rats
using the same MMTV promoter linked to the Rous sar-
coma virus (RSV) long terminal repeat (LTR) enhancer to
drive expression in the mammary glands of either the
human TGFa or the wild-type human c-erbB-2 genes.
This approach has produced a variety of mammary hy-
perplasias, preneoplastic lesions, and tumors in the rat.
In this communication, we report an analysis of the gen-
eration and phenotypes of these animals to the second
(F2) generation.

Materials and Methods

Construction of the MMTV Promoter-Linked
Transgenes

For the c-erbB-2 transgene, a 4.4-kb HindIII fragment
containing the normal, unmutated human c-erbB-2
cDNA16 was cut out of the plasmid pSV2-erb-B2 and
subcloned into the cloning vector pPolyIII-I,34 to generate
the plasmid pPolyIII-erb. A 1548-bp EcoRI-SmaI fragment
containing the RSV-LTR enhancer linked to the MMTV-
LTR promoter was excised from the plasmid pMam-neo
(Clontech, Palo Alto, CA) and cloned into the EcoRI and
EcoRV sites of pPolyIII-I to generate pIII-MMTV. The c-
erbB-2 cDNA was then transferred to pIII-MMTV using
the XbaI-SalI sites, to generate the plasmid pIII-MMTV-
erb. A 667-bp SmaI-XbaI fragment containing a splice
and polyadenylation signal from the 39 end of the human
growth hormone (hGH) gene was excised from the plas-
mid pBShGH (a gift from Dr. J. Gordon, Washington
University, St. Louis, MO) and subcloned into the SmaI-
XbaI sites of pBluescriptKS2 to generate the plasmid
pBlue-hGH39. To complete the transgenic construct, the

Figure 1. Diagram of the MMTV-c-erbB-2 and MMTV-TGFa transgenes. The structure and important restriction enzyme sites used in the construction of the
transgenes are shown. The MMTV-LTR promoter is used to drive expression of the downstream oncogenes c-erbB-2 (A) and TGFa (B). A 39 fragment of the human
growth hormone (hGH) gene ensures correct processing of the transcript. Thick and thin lines represent sequences derived from the polylinkers of the plasmids
pPolyIII-I and pBluescript, respectively.
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hGH39 sequence was transferred from pBlue-hGH39 to
pIII-MMTV-erb by digesting with SalI (Figure 1a).

For the MMTV-TGFa transgene, a 925-bp EcoRI frag-
ment containing the unprocessed 917-bp TGFa cDNA
sequence was cut out of the plasmid phTGF1–10-925 (a
gift from Dr G. Bell, University of Chicago, Chicago, IL)
and cloned into pPolyIII-I to generate the plasmid
pPolyIII-TGFa. The same 667-bp SmaI- XbaI fragment
containing the splice and polyadenylation signals as
above was cloned into the SmaI-XbaI sites of pPolyIII-
TGFa to generate the plasmid pPolyIII-TGFa-hGH39. The
same 1548-bp EcoRI-SmaI fragment containing the en-
hancer and MMTV-promoter as above was then cloned
into the EcoRI and SmaI sites of pBluescriptKS2 to gen-
erate pBlue-MMTV. To complete the transgenic con-
struct, a BamHI-XbaI fragment from pPolyIII-TGFa-hGH39
was cloned into the BamHI and XbaI sites of pBlue-MMTV
to generate pBlueMMTV-TGFa-hGH39 (Figure 1b). The
identities of both plasmids were confirmed by restriction
endonuclease mapping, and the correct nature of the
ligation points was confirmed by dideoxy chain termina-
tion DNA sequencing. The completed transgenes MMTV-
erb-hGH39 and MMTV-TGFa-hGH39 were released from
their parental plasmids before being microinjected by
digestion with NotI and SalI, respectively (Figure 1).

Generation and Screening of Transgenic Rats

All animals were maintained and procedures were per-
formed in accordance with the British Home Office Ani-
mals (Scientific Procedures) Act 1986, under Project Li-
cense 80/00733. Transgenic rats were generated by
pronuclear injection of linearized DNA into fertilized eggs
of Sprague-Dawley rats (Charles River Laboratories,
Kent, UK), as previously described for transgenic mice35

with the following modification. The female rats were su-
perovulated at 30 days of age by continuous infusion
rather than an injection of purified porcine pituitary folli-
cle-stimulating hormone (FSH; Vetrepharm, London, On-
tario, Canada) via Alzet miniosmotic pumps (Alzet model
2001, Alza Scientific Products, Palo Alto, CA)36. Each
pump was filled with 200 ml of FSH diluted in sterile saline
and was inserted intraperitoneally into pentobarbital-
anesthetized animals 2 days before mating. Synchroni-
zation of ovulation was induced 48 to 52 hours later by an
intraperitoneal injection of 100 ng of luteinizing-hormone-
releasing hormone analogue (des-gly10(D-ala)-LHRH-
ethylamide, Sigma Chemical Co., Poole, UK). After being
mated overnight, the females with vaginal plugs were
sacrificed by cervical dislocation. The pumps were trans-
ferred to a second set of animals, and embryos were
collected in Dulbecco’s phosphate-buffered saline (PBS)
from the oviducts of plugged females. Embryos were
rinsed free of cumulus cells in 0.1% (w/v) hyaluronidase
and transferred to modified M2 medium for microinjection
or modified M16 medium (280 mOsm) for culture at
38.5°C in 5% (v/v) CO2 until pronuclei became distin-
guishable.35

Pronuclear injections were performed on a Nikon in-
verted microscope equipped with Narishige microma-

nipulators and Normarski optics. The excised DNA con-
structs were injected at approximately 2 ng/ml in 10
mmol/L Tris/HCl, 0.1 mmol/L EDTA, pH 7.4.37 After injec-
tion of one pronucleus in each embryo (as evidenced by
pronuclear expansion), all embryos were incubated in
modified M16 until transfer. Epinephrine at 0.1% (w/v)
was applied to the ovarian bursa of pseudopregnant
recipients, and the bursa was torn to allow access to the
infundibulum. The embryos were then transferred bilater-
ally to the oviduct using a finely drawn glass pipette38

either into day 1 pseudopregnant recipients (synchro-
nous) or, after overnight culture, at the early two-cell
stage into day 1 (asynchronous) or day 2 (synchronous)
recipients. Transgenic founder rats and subsequent
transgenic offspring were identified by Southern blot
analysis of genomic DNA from tails of F1 litters at 10 days
of age.35 Ten micrograms of appropriate restriction-en-
zyme-digested tail tip DNA was fractionated on 0.8%
(w/v) agarose gels, transferred to Hybond N1 mem-
branes (Amersham International, Little Chalfont, UK) by
blotting in 0.4 mol/L NaOH and hybridized with the hu-
man c-erbB-2 or human TGFa cDNA probe labeled by
random incorporation of [32P]dCTP (random primed DNA
labeling kit, Boehringer, Mannheim, Germany) to a spe-
cific activity of 0.5 3 109 to 1 3 109 dpm/mg39 and used
to screen for transgene-positive rats. Transgene copy
number was estimated by comparison with copy number
controls.

Detection of Transgene Transcripts

Total RNA was isolated from tissues and tumors using the
guanidinium isothiocyanate/cesium chloride method.39

Poly(A)-containing RNA was isolated using the PolyAtract
mRNA isolation system (Promega, Madison, WI). For RNA
hybridizations, 10-mg samples of poly(A)-containing RNA
were subjected to denaturing-gel electrophoresis using
formaldehyde39 and transferred to nylon filters (Hybond
N1). Hybridization and washing conditions were carried
out according to the manufacturer’s instructions (Amer-
sham). Filters were subsequently hybridized using the
above cDNA probes under the same conditions to a
cloned cDNA corresponding to non-muscle actin to en-
sure consistency of loading between lanes. The radioac-
tively hybridized filters were exposed to x-ray film, and
those lanes containing different mRNA preparations were
scored positive if a band corresponding to the correct
sized mRNAs for c-erb-B2 or TGFa was detected. A
preparation of mRNA from MCF-7 cells40 was used as a
positive control.

Whole-Mount Analysis

Mammary glands were dissected from the skin, mounted
on glass slides, fixed overnight in Methacarn (60% (v/v)
methanol, 30% (v/v) 1,1,1-trichloroethane, 10% (v/v) gla-
cial acetic acid) and then stained with carmine.41 Mac-
roscopically identifiable tumors were cut out and pro-
cessed for histology separately. Glands were cleared by
immersing in methyl salicylate. Whole mounts were pho-
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tographed using Ilford Technical Pan film. Areas of inter-
est and suspect lesions were cut out of the whole mount
and processed for histology.

Histology

Samples of mammary glands and any suspect lesions,
including tumors, were fixed overnight in Methacarn, de-
hydrated in 70% (v/v) ethanol, and embedded in paraffin
wax at 60°C on a Tissue Tek III embedding center (Miles,
Slough, UK). Precooled blocks at 220°C were sectioned
at room temperature on an Anglia AS 300 rotary mic-
rotome (Raymond A. Lamb, London, UK) using stainless
steel disposable blades (Raymond A. Lamb). Sections 2
mm thick were transferred onto glass microscope slides
that had been pretreated with glycerin albumin (Ray-
mond A. Lamb) and incubated for at least 1 hour at 60°C.
Sections were stained with hematoxylin and eosin (H&E).
Details were recorded from at least two sections of each
mammary gland/lesion. Photographs were recorded on
Ilford Pan F film. Slides were examined by two indepen-
dent observers (B.R. Davies and P.S. Rudland), and pa-
thology was diagnosed as defined by the UK Royal Col-
lege of Pathologists Working Group.42

Immunocytochemistry

Immunocytochemical staining of tissue sections was car-
ried out using an antibody complex/horseradish peroxi-
dase method (Dako, High Wycombe, UK).43 Sections
were rehydrated, treated with 0.5% (v/v) H2O2 in metha-
nol to remove endogenous peroxidase and then with
0.5% (w/v) saponin for 30 minutes, and washed in water
and then in PBS. They were then incubated with either a
mouse monoclonal antibody to human TGFa (Oncogene
Science, Cambridge, UK) or a rabbit polyclonal antibody

to a human c-erbB-2 peptide (Dako), for 1 hour at room
temperature. Sections were subsequently incubated with
second antibody (biotinylated rabbit anti-mouse IgG or
goat anti-rabbit IgG; Dako) and then with the streptavidin-
biotin horseradish peroxidase complex, and finally, the
color was developed with diaminobenzidine in H2O2. Se-
lected sections were also stained with rabbit polyclonal
antibodies to human callus keratin, chick smooth muscle
actin, and mouse laminin, as previously described.44

Sections were counterstained using Mayers hemalum.
The percentage of immunocytochemically stained cells
was verified from five randomly chosen fields from at
least two sections of each of the mammary lesions by two
independent observers. The specificity of staining for
each antibody was checked by the complete abolition of
immunocytochemical staining without the first antibody
and by previous incubation of the first antibody with
preparations of the requisite antigen.44 Photographs
were recorded in a Reichert-Polyvar microscope on Ilford
Pan F film.

Results

Generation of MMTV-TGFa and MMTV-c-erbB-
2 Transgenic Rats and Selection of Transgenic
Lines

Hybridizations of the human c-erbB-2 and TGFa cDNAs
to tail-tip DNAs indicated that 7/105 (7%) and 6/42 (14%)
of the offspring resulting from oviduct transfers of MMTV-
c-erbB-2- and MMTV-TGFa-microinjected embryos, re-
spectively, were transgenic. The founder animals con-
tained from less than 1 up to 50 copies of the integrated
transgene per haploid genome (Table 1) and, where
successfully detected, transmitted the transgene either in

Table 1. Generation of MMTV-c-erbB-2 and MMTV-TGFa Transgenic Rats

Founder Sex Copies of transgene Inheritance Transgene mRNA

MMTV-c-erbB-2
ERB/1 F 10–20 Mendelian 1
ERB/2 F 1–5 Mendelian 1
ERB/3 F ;50 Mendelian 1
ERB/4 M 1 and .20* Mendelian 2
ERB/5 F ,1 Unknown† 2
ERB/6 F 5–10 Mosaic 2
ERB/7 M 1 Sex-linked‡ 2

MMTV-TGFa
TGF/1 F 5–10 Mendelian 1
TGF/2 F 1 Mosaic 1
TGF/3 M 10 Mosaic 2
TGF/4 M 10 Mosaic 2
TGF/5 M 5–10 No transmission 2
TGF/6 M 1–5 Unknown§

Founder indicates transgenic rat produced from either the MMTV-erb-hGH39 or MMTV-TGFa-hGH39 constructs. Copies of transgene were
determined by Southern hybridizations to tail-tip DNA in relation to 1, 10, and 100 copy DNA controls (Materials and Methods). Inheritance was either
Mendelian or mosaic occurring in less than 50% of the F1 offspring, but thereafter inheritance was Mendelian in the F2 generation. Transgene mRNA
was determined by Northern hybridizations in mammary tissue from 11-day pregnant female offspring: 1, detectable; 2, not detectable by
autoradiography (Materials and Methods). F, female; M, male.

*Two independent integration sites.
†Sub-fertile, all the rats from the single litter were negative for the transgene.
‡Transgene on Y chromosome, no female transgenic offspring produced.
§Could not be successfully mated.
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Mendelian or mosaic fashion to their F1 generation.
Thereafter, transmission, if it occurred, was exclusively
Mendelian (Table 1). The results were confirmed by hy-
bridizing a probe coding for the MMTV promoter to the
same tail-tip DNA (not shown).

Transcripts of either transgenic mRNAs were not de-
tectable in mammary tissue from virgin transgenic rats
but were detected in mammary tissue from 11-day preg-
nant females (eg, Figure 2) in three lines of MMTV-c-
erbB-2 transgenics and in two lines of MMTV-TGFa trans-
genics (Table 1). Two lines of the MMTV-c-erbB-2-
expressing transgenics (designated ERB/1 and ERB/2)
and the two lines of MMTV-TGFa-expressing transgenics
(designated TGF/1 and TGF/2) were selected for inten-
sive breeding. As expression of the MMTV-c-erbB-2 and
MMTV-TGFa transgenes appeared to be induced during
pregnancy, it was decided to subject the majority of the
females to repeated cycles of pregnancy and lactation to
maximize expression of the transgene. A total of 23 fe-
males for the c-erbB-2-expressing and 29 females for the
TGFa-expressing transgene were observed for a period
of up to 18 months, and then (or earlier if tumors devel-
oped), the mammary glands were whole mounted and
examined.

Mammary Lesions in MMTV-c-erbB-2
Transgenic Rats

No tumors appeared in the mammary glands of virgin
transgenic females, and histologically their mammary
glands resembled those of normal wild-type rats. The
most common lesion to develop in multiparous trans-
genic rats was fibroadenoma in 15/23, or 65%, of the
animals (Table 2). Large, macroscopically visible fibro-
adenomas developed in 4 multiparous animals, and mul-
tiple foci of densely staining mammary tissue were found
in whole mounts in another 11 animals at autopsy, which

on histological examination were found to be small fibro-
adenomas or fibroadenomatous changes (Figure 3a).
These lesions were frequently observed in close associ-
ation with ductal hyperplasia of usual type or sclerosing
adenosis. The epithelial cells in these fibroadenomas
were immunocytochemically stained moderately on their
cell membranes by antiserum to c-erbB-2 (25% to 50% of
the cells stained; Figure 3b). Areas of thickened ducts
were observed in 4/23, or 17%, of animals; these were
found to be due to large, focal cystic changes (Figure
3c). The epithelial cells in these cystic expansions were
immunocytochemically stained strongly by antiserum to
c-erbB-2 (50% to 100% of cells stained), whereas the
surrounding normal ducts either failed to stain or stained
very weakly (,5% of cells stained; Figure 3d). Focal
areas of hyperplasia (enlarged lobules) were observed in
18/23, or 78%, of animals at autopsy (Table 2). Large
hyperplastic lobules were commonly observed that re-
sembled normal lactating mammary gland, with secre-
tions present in the lumen of the ducts even after 6
months or more had elapsed since lactation, whereas
these secretions were no longer apparent in the equiva-
lent mammary glands from nontransgenic rats. These
hyperplastic lobules were weakly to moderately stained
by antiserum to c-erbB-2 (5% to 50% of cells stained;
Table 2).

In addition to the fibroadenomas, other types of tumors
developed in multiparous animals but at a significantly
lower frequency (Table 2). These included tumors of
mixed histological appearance but consisting mainly of
papillary epithelium within cystic spaces in 3/23, or 13%,
of the animals (Figure 3e). These tumors were classified
as benign papillary adenomas because they were non-
invasive and cytologically benign and retained myoepi-
thelial cells and an intact basement membrane, as deter-
mined by immunocytochemical staining for smooth
muscle actin and for laminin, respectively. Localized ar-
eas of more malignant looking pleomorphic epithelium
were observed within or adjacent to each of these tumors
(Figure 3f). These areas resembled ductal carcinoma in
situ (DCIS) and were localized and non-invasive and
were still circumscribed by myoepithelial cells and an
intact basement membrane. The epithelial cells in areas
of papillary adenoma and DCIS were both immunocyto-

Figure 2. Northern Blot for human c-erbB-2 mRNA in mammary tissue and
lesions. Lane 1, 11-day mid-pregnant transgenic rat; lane 2, virgin transgenic
rat; lane 3, fibroadenoma in transgenic rat; lane 4, 11-day mid-pregnant,
nontransgenic rat; lane 5, carcinoma in transgenic rat.

Table 2. Mammary Phenotypes in MMTV-c-erbB-2 Transgenic
Rats

Tissue/lesion
Frequency

(%)
Immunocytochemical
staining for c-erbB-2

Mid-pregnant glands 23/23 (100%) 1
Hyperplasia 18/23 (78%) 1/11
Cystic expansion 4/23 (17%) 111
Fibroadenoma 15/23 (65%) 11
Papillary adenoma 3/23 (13%) 1
DCIS 3/23 (13%) 1
Carcinoma 2/23 (9%) 111

All lesions arose in multiparous female rats. Frequency is expressed
as the number of animals with tissue or lesion/total number of animals
analyzed, with the percentages in parentheses. Immunocytochemical
staining of epithelial cells was classified as negative (2), weak (1),
moderate (11), or strong (111), corresponding to the intensity of
staining; myoepithelial cells and fibroblasts were unstained.
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chemically stained weakly with antiserum to c-erbB-2 (5%
to 25% of cells stained; Figure 3g). Two of twenty-three,
or 9%, of animals developed rapidly growing, solid tu-
mors after multiple pregnancies and more than 1 year of

life. These tumors were predominantly epithelial in that
they could be stained by antisera to human callus keratin
(not shown). They were classified as well differentiated
carcinomas, as they were locally invasive, they lacked

Figure 3. Histology and immunocytochemistry of mammary lesions in MMTV c-erbB-2 transgenic rats. a: Fibroadenoma stained with H&E. b: Fibroadenoma
immunocytochemically stained with antiserum to C-erbB-2. c: Area of cystic expansions stained with H&E. d: Cystic expansions immunocytochemically stained
with antiserum to c-erbB-2. e: Papillary adenoma stained with H&E. f: Ductal carcinoma in situ (DCIS) stained with H&E. g: DCIS immunocytochemically stained with
antiserum to c-erbB-2. h: Carcinoma immunocytochemically stained with antiserum to c-erbB-2. Magnification, 310 (a, c, e, and f) and 340 (b, d, g, and h).
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myoepithelial cells, and the basement membrane was
either very fragmented or absent, as determined above.
These tumors were immunocytochemically stained very
intensely with antiserum to c-erbB-2 (50% to 100% of
cells stained; Figure 3h), whereas the epithelial cells in
normal ducts adjacent to the tumor failed to stain. There
was no evidence of metastases in lungs, lymph nodes, or
any other tissue examined. The expression of the c-
erbB-2 transgene detected by immunocytochemistry was
reflected in the detection of the corresponding mRNA in
fibroadenomas and carcinomas at levels above those in
mid-pregnant mammary tissue from transgenic rats (Fig-
ure 2).

Mammary Lesions in MMTV-TGFa

Transgenic Rats

No tumors appeared in the mammary glands of virgin
TGFa transgenic females, and histologically their mam-
mary glands were normal. The most striking phenotype
observed in both lines of multiparous female MMTV-TGFa
transgenics was the development of large, solid, palpa-
ble lumps in the mammary glands during pregnancy.
These lumps first appeared after five or more pregnan-
cies in 11/29, or 38%, of transgenic rats, all within the first
year of life (Table 3). Sometimes, a single mammary
gland was involved, but more commonly lumps devel-
oped in several glands. In the most severe cases, lumps
developed bilaterally throughout the entire mammary tree
and grew up to 5 cm in diameter, necessitating culling of
eight animals. The lumps always appeared on the 10th or
11th day of pregnancy but invariably regressed the day
before birth, allowing the animals to lactate normally and

nurse their pups. However, these lumps then reap-
peared, usually more severely during the next preg-
nancy. On histological examination these lesions con-
sisted of solid masses of tissue resembling normal
lactating mammary gland (Figure 4, a–c); their growth
characteristics and histology suggested that they were
not neoplasias, but severe hyperplasias. An increased
number of lobules and an increased size of individual
lobules were apparent. The hyperplastic mammary tissue
compressed the surrounding normal fat and muscle tis-
sue but did not invade. At least 70% of the epithelial cells
in these hyperplasias stained strongly with antiserum to
TGFa, predominantly in the cytoplasm (Figure 4d). Stro-
mal cells, where present, failed to stain. Whole-mounted
mammary glands from transgenic females during earlier
pregnancies, where these macroscopically visible hyper-
plasias were not apparent, revealed that the mammary
tissue was also hyperplastic and capable of being
stained with antiserum to TGFa to a similar extent (Table
3). Frequently, the fat pad was completely filled with
proliferating mammary epithelium, and individual lobules
merged with one another. This was not the case in non-
transgenic littermates where residual fatty tissue re-
mained and individual lobules could frequently be distin-
guished (Figure 4b).

Whole mounts of involuted mammary glands from the
remaining 21 multiparous transgenic females (more than
eight pregnancy/lactation cycles) at least 6 weeks after
weaning their last litter revealed extensive retention of
densely staining foci in the regressed glands (100% sur-
viving rats). Histological examination showed that these
foci consisted of residual lobules of hyperplastic secre-
tory epithelium (Figure 4j), whereas glands from control
littermates consisted of only small, condensed ducts/
alveolar lobules with no evidence of lactation. Areas of
mammary hyperplasia in transgenic females were immu-
nocytochemically stained moderately to strongly in their
cytoplasm with antiserum to TGFa (25% to 100% of cells
stained; Table 3), whereas adjacent normal involuted
lobules generally failed to stain (,5% of cells stained; not
shown). For example, a very densely staining area of
mammary tissue 3 mm in diameter was found at the edge
of a whole-mounted inguinal gland from the TGF/1
founder animal. On histological analysis, this consisted of
an area of dense hyperplasia, including sclerosing ad-
enosis, with elements of fibroadenoma also present (Fig-
ure 4j); the latter elements were unstained by antiserum
to TGFa (,5% of cells stained; not shown).

Palpable tumors that grew progressively larger, inde-
pendent of pregnancy, also developed after multiple
pregnancy/lactation cycles in 8/29, or 28%, of the female
transgenics. The individual types, however, occurred at a
significantly lower frequency than the hyperplasias (Ta-
ble 3). These tumors included a fibroma, papillary ade-
nomas, lactating adenomas, DCIS, and carcinoma (Fig-
ure 4, e and f). The carcinomas were poorly differentiated
with a mixture of elongated/spindle cells, DCIS, and car-
cinomatous elements, which frequently showed areas of
squamous and sebaceous gland-like differentiation (Fig-
ure 4e). The squamous areas usually surrounded cystic
spaces (Figure 4f). Weak focal cytoplasmic staining for

Table 3. Mammary Phenotypes in MMTV-TGFa Transgenic
Rats

Tissue/lesion
Frequency

(%)
Immunocytochemical

staining for TGFa

Mid-pregnant
glands

29/29 (100%) 1

Severely
hyperplastic
lumps*

11/29 (38%) 11/111

Hyperplasia (non-
pregnant gland)

21/21† (100%) 11/111

Fibroma 1/29 (3%) 111‡

Papillary ductal
adenoma

3/29 (10%) 11

Lactating adenoma 2/29 (7%) 11/111
DCIS 4/29 (14%) 1§

Carcinoma 2/29 (7%) 2(111)¶

All lesions arose in multiparous female rats. Frequency is expressed
as the number of animals with tissue or lesion/total number of animals
analyzed, with the percentages in parentheses. Immunocytochemical
staining was classified as negative (2), weak (1), moderate (11), or
strong (111), corresponding to ,5%, 5% to 25%, 25% to 50%, or
50% to 100% of the epithelial cells stained; myoepithelial cells and
fibroblasts were unstained.

*Occurred only in pregnant glands.
†Only 21 rats were examined because 8 were culled due to severe

hyperplasia during pregnancy.
‡Fibroblasts only stained.
§Focal staining of epithelial cells.
¶Largely negative but strong staining in squamous areas.

MMTV-c-erbB-2 and TGFa Transgenic Rats 309
AJP July 1999, Vol. 155, No. 1



TGFa was usually observed in areas of DCIS (5% to 25%
of cells stained), but in adjacent carcinomatous areas,
staining for TGFa was either very weak or absent (,5% of
cells stained; Table 3). However, where metaplastic dif-
ferentiation to squamous elements occurred, as evi-
denced by staining for callus keratins (Figure 4g), TGFa
immunostaining was uniformly strong (50% to 100% of
cells stained; Figure 4h). Some carcinomatous areas
were very anaplastic. Hyperplasia of usual type and ad-
enomatous areas were also present in the breast tissue
surrounding the carcinomas.

Other Phenotypes in Transgenic and
Nontransgenic Rats

Loss of fur was observed in male and female MMTV-
TGFa transgenic rats in both the TGF/1 and TGF/2 lines.
This loss of fur was not uniform in terms of time of onset
and location. Transverse sections through the skin in
areas of hair loss revealed hyperplasia of the sebaceous

glands. The sebaceous glands were immunocytochemi-
cally stained strongly with antiserum to TGFa (50% to
100% of cells stained; Figure 5, a and b). Other compo-
nents of the dermis failed to stain with antiserum to TGFa.
Although the transgenes were weakly expressed in vari-
ous other tissues of certain transgenic lines, including
epithelial cells of the male reproductive tracts, spleen,
and salivary glands, no abnormal phenotypes were ob-
served in these tissues with the exception of the salivary
glands where hyperplasia sometimes occurred in both
MMTV-c-erbB-2 and MMTV-TGFa transgenic rat lines
(not shown).

Twenty nontransgenic littermates of similar age and
reproductive histories (mean, 18 months and nine preg-
nancies) were also examined to check for the develop-
ment of spontaneously arising mammary and other le-
sions. A single area of ductal hyperplasia of usual type
and a small area of fibroadenoma were found in the
mammary glands of two separate animals, and the re-
mainder showed no gross or histologically detectable

Figure 4. Histology and immunocytochemistry of mammary lesions in MMTV-TGFa transgenic rats. a:
Severely hyperplastic mammary gland from an 11-day mid-pregnant transgenic rat stained with H&E. b:
Mammary gland of a nontransgenic 11-day mid-pregnant rat stained with H&E. c: High-power view of
severely hyperplastic mammary gland from a mid-pregnant transgenic rat shown in a stained with H&E.
d: Severely hyperplastic mammary gland from mid-pregnant transgenic rat immunocytochemically stained
with antiserum to TGFa. e: Mammary carcinoma from transgenic rat showing squamous differentiation
stained with H&E. f: Section from the same tumor as shown in e illustrating keratinization surrounding a
cystic space stained with H&E. g: The tumor shown in e immunocytochemically stained with antiserum to
human callus keratin. h: The tumor shown in e immunocytochemically stained with antiserum to TGFa.
Note specific staining of the keratinizing areas of the tumor. i: Poorly differentiated carcinoma stained with H&E.
j: Hyperplasia in a multiparous animal of 18 months of age at least 6 months after completion of previous
lactation stained with H&E. Magnifications 310 (a, b, and j) and 340 (c to i).
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mammary or other lesions. Neither these lesions nor nor-
mal mammary tissue were stained by antiserum to c-
erbB-2 or TGFa (not shown).

Discussion

In this report we have described the generation and
analysis of the mammary phenotypes of transgenic rats
expressing the human c-erbB-2 and TGFa genes under
the control of the MMTV-LTR promoter. The development
of transgenic rats required continuous infusion of FSH for
superovulation rather than a single injection used in the
development of transgenic mice,35,36 and a technique
using miniosmotic pumps was developed for this pur-
pose. Even using this technique, a success rate of only
7% to 14% was achieved for the production of founder
animals, but without it no transgenic rats could be pro-
duced. This low rate may be because rat embryos are far
less resilient than those of the mouse; they are less elastic
and spongier, making it difficult to inject without damag-
ing them, and in our experience oviduct transfers are less
effective in the rat with fewer resulting pregnancies and
generally smaller litter sizes. Some of the founder trans-
genic rats were mosaic, indicating that the transgene did
not integrate into the host genome until the embryo had
undergone at least one cell division, although inheritance
of the transgenes in the F2 and subsequent offspring was
Mendelian. The expression of the transgenes was as
anticipated using the MMTV-LTR promoter, being re-
stricted largely to the mammary glands in pregnan-
cy,27,31,45 although they were also expressed at lower
levels in other exocrine glands examined at the same
time, notably the sebaceous and submaxillary glands, in
agreement with their reported expression in certain
strains of transgenic mice.46

To our knowledge, this is the first reported transgenic
model of breast cancer in which overexpression of the
non-mutated human c-erbB-2 gene induces the stochas-
tic development of mammary carcinomas. Expression of
the non-mutated rat c-erbB-2 gene in transgenic mice
also resulted in the stochastic development of mammary
carcinomas, although the tumor incidence was higher
(70% after 1 year) and the development of metastases

was reported in this mouse model.32 We did not find any
evidence of metastases in our rat model, and we also
detected a large number of benign lesions such as fibro-
adenomas, which were not reported in the mouse model.
It is not clear at present whether our model closely mim-
ics the human disease, in which overexpression of non-
mutated c-erbB-2 is frequently seen.20–22 In the wild-type
rat c-erbB-2-expressing transgenic mouse model, the
stochastic development of mammary tumors is associ-
ated with somatic mutations within the transgene itself
and activation of the receptors’ intrinsic tyrosine kinase
activity.33 At present, it is not known whether similar so-
matic mutations are responsible for the development of
tumors in our rat model.

The phenotypes of hyperplasia and development of
carcinomas at low frequency observed in our MMTV-
TGFa transgenic rats are consistent with the transgenic
mouse models in which TGFa was overexpressed in the
mammary gland.45–48 In one of these models, the phe-
notype of hair loss and sebaceous gland hyperplasia was
also observed.46 Severe, pregnancy-dependent hyper-
plasias developed only in the MMTV-TGFa transgenic
rats; MMTV-c-erbB-2 rats did not express this phenotype.
An equivalent phenotype has not been reported to de-
velop in humans. Although a certain degree of mammary
hyperplasia is always present in MMTV-TGFa transgenic
rats, even during the first pregnancy, the severe, macro-
scopically identifiable hyperplasias that resemble lactat-
ing adenomas appeared only after five or more pregnan-
cies and then only in approximately one-half of the
animals. This suggests that either a critical level of trans-
gene expression is needed for the severe hyperplasias or
that a second, cooperating genetic event needs to take
place for these hyperplasias to develop. Pregnancy-as-
sociated hyperplasias have also been described in
TGFa-expressing transgenic mice, notably WAP-TGFa
mice.48,49 Pregnancy-dependent lesions similar to those
seen in our transgenic rats have also been reported in
MMTV-int-2-expressing transgenic mice,50,51 in MMTV-
FGF-7 (KGF)-expressing transgenic mice,52 and in the
BR6 mouse strain.53 The association with pregnancy
suggests that these lesions are hormone dependent, and
may possibly reflect activation of the MMTV promoter

Figure 5. Sebaceous gland hyperplasia in MMTV-TGFa transgenic rats. a: Sebaceous gland hyperplasia in the dermis of the skin of a TGF/1 female transgenic rat
immunocytochemically stained with antiserum to TGFa. The sebaceous glands stained intensely whereas other structures failed to stain. b: High-power detail of
the section shown in a. Sebaceous glands of nontransgenic control rats failed to stain with the same anti-TGFa antiserum (not shown). Magnification, 310 (a)
and 340 (b).
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during pregnancy. It is unclear whether these severe
hyperplastic lesions can progress to hormone-indepen-
dent growth, because their severity has necessitated
early culling of the animals. However, as progressively
growing lactating adenomas of similar histological ap-
pearance and with a similar level of TGFa expression
have been observed in two of the MMTV-TGFa transgen-
ics, it is highly plausible.

Benign fibroadenomas and other benign lesions, such
as cystic expansions, sclerosing adenosis, and ductal
hyperplasia, were common in the MMTV-c-erbB-2 trans-
genic rats. These lesions are likely to be due to transgene
expression and not spontaneous for three reasons. First,
they were multifocal. Second, with the exception of one
area of fibroadenoma, they were not detected in control,
nontransgenic littermates of similar ages and reproduc-
tive histories. Third, the various lesions stained with anti-
serum to c-erbB-2 and produced abundant quantities of
transgene-specific mRNA. The frequent development of
macroscopic fibroadenomas and microscopic fibroad-
enomatous changes appeared to be a particular property
of the c-erbB-2-expressing transgenics; only mild fibro-
adenomatous changes were observed in two of the
MMTV-TGFa transgenics. Moreover, whereas the fibro-
adenomas that developed in the MMTV-c-erbB-2 trans-
genic rats stained consistently with antiserum to
c-erbB-2, the fibroadenomatous changes observed in the
MMTV-TGFa failed to stain with TGFa antiserum. This
suggests that although the rat mammary gland is sus-
ceptible to the spontaneous development of microscopic
fibroadenomatous lesions, expression of c-erbB-2 greatly
increases both the frequency and the size of such le-
sions. Fibroadenomas are also relatively common in hu-
man breasts but rarely develop in mice. However, al-
though c- erbB-2 is expressed in up to 30% of human
breast carcinomas, it is infrequently expressed in human
benign breast diseases. Therefore, it is surprising that
benign lesions such as fibroadenomas develop more
frequently than DCIS and invasive carcinoma in our
MMTV-c-erbB-2 transgenic rats. The reason for this is
unclear. It may simply reflect a difference in the patho-
logical consequences of c-erbB-2 expression in the two
species. However, it is possible that the temporal expres-
sion of the transgene from the MMTV-LTR promoter may
be at least partially responsible, as the activity of the
MMTV-LTR promoter in the virgin mammary glands of our
transgenic rats is very low but is activated by hormones
of pregnancy and lactation.54 The lesions that we have
observed in our transgenic rats all develop after multiple
rounds of pregnancy and lactation, whereas carcinomas
develop more frequently in nulliparous carcinogen-
treated rats and nulliparous women. Indeed, when car-
cinogens are administered to parous rats where the ter-
minal end buds of the mammary gland have already
differentiated into alveolar buds they either remain un-
modified, undergo dilation giving rise to hyperplastic lob-
ules or cystic dilations, or exhibit epithelial proliferation to
form benign adenomas,5 rather than develop carcino-
mas. Experiments in which the c-erbB-2 oncogene was
expressed in the reconstituted mouse mammary gland55

further support this explanation. In that system, DCIS

developed in unmated mice but not in mated mice. In
contrast, many of the mated mice developed a variety of
benign lesions, such as gross hyperplasia, adenosis, and
sclerosing adenosis, lesions we have commonly ob-
served in our MMTV-c-erbB-2 transgenic rats. The limita-
tions on malignant development that are a probable con-
sequence of using the MMTV-LTR promoter to drive
oncogene expression suggest that to develop improved
transgenic rat models for breast cancer it would be de-
sirable to obtain a promoter active earlier in development.

The phenotypes that are common to the MMTV-TGFa
and MMTV-c-erbB-2 transgenic rats include ductal hy-
perplasia, failure of certain lobules to involute fully after
completion of lactation, and the stochastic appearance of
papillary adenomas, DCIS, and carcinomas at low fre-
quency. The fact that benign papillary adenomatous le-
sions grow out of hyperplastic glands and that, where
present, DCIS is invariably associated and continuous
with this lesion in both c-erbB-2- and TGFa-expressing
transgenics suggests that a progression occurs from
hyperplasia to papillary adenomatous lesions and then to
DCIS, which in these systems would appear to be the
ultimate precursor of invasive carcinoma. Similar grada-
tions of phenotype have been observed in human breast
cancer development; for example, multiple intraductal
papillomas are not infrequently associated with DCIS.42

Expression of either oncogene can induce a mitogenic
response in rat mammary epithelium, and persistence of
expression can delay or inhibit the process of involution
of the gland, perhaps by preventing or slowing the pro-
cess of apoptosis. However, although expression of
these oncogenes predisposes the rat mammary gland to
tumor development, neither oncogene alone is sufficient
to induce invasive carcinomas or, for that matter, benign
breast tumors. Thus, although hyperplasia or prevention
of involution of the gland may be a direct result of a
certain level of expression of either gene, additional ge-
netic changes appear to be necessary for the develop-
ment of tumors.

Despite the limitations discussed, the present trans-
genic rats provide evidence that the TGFa and c-erb-B2
oncogenes can induce hyperplastic responses in the rat
mammary gland and increase its susceptibility to tumor
development. Moreover, the range of lesions that we
have observed closely resembles those seen in human
breasts. These transgenic rats provide a suitable base-
line for studying the multistep process of mammary car-
cinoma development in the rat and its potential relevance
to the human disease.

Acknowledgments

We thank Dr. Joe Warren for supervising the production
of transgenic rats; Caroline Harrison for assisting with the
microinjections; Dr. Paul Edwards for helpful discussions;
colleagues Michael Davies, Paul Jolley, and John Hale
(Cambridge) and Kathy Edwards and Barry Cotterill (Liv-
erpool) for animal care; and Drs. J. Sloane, B. Shoker, R.
Barraclough, D. Fernig, and J. Smith (Liverpool) for help-
ful comments on the manuscript.

312 Davies et al
AJP July 1999, Vol. 155, No. 1



References

1. Amundadottir LT, Merlino G, Dickson RB: Transgenic mouse models
of breast cancer. Breast Cancer Res Treat 1996, 39:119–135

2. Cardiff RD: The biology of mammary transgenes: five rules. J Mam-
mary Gland Biol Neoplasia 1996, 1:61–74

3. Edwards PAW, Abram CA, Bradbury JM: Genetic manipulation of
mammary epithelium by transplantation. J Mammary Gland Biol Neo-
plasia 1996, 1:75–90

4. Yamada S, Ikeda H, Yamazaki, H, Shikishima H, Kikuchi K, Wakisaka
A, Kasai N, Shimotohno K, Yoshiki T: Cytokine-producing mammary
carcinomas in transgenic rats carrying the pX gene of human T-
lymphotropic virus type I. Cancer Res 1995, 55:2524–2527

5. Russo J, Gusterson BA, Rogers AE, Russo IH, Wellings SR, van
Zweiten MJ: Comparative study of human and rat mammary tumori-
genesis. Lab Invest 1990, 62:244–278

6. Young S, Hallowes PC: Tumors of the mammary gland. Pathology of
Tumors in Laboratory Animals, vol 1. Edited by Turosov VS. Lyon,
France, IARC Science Publishers, 1973, pp 31–74

7. Marquardt H, Klunkapillar MW, Hood LH, Twardzik DR, DeLarco JE,
Stephenson JR, Todovo GJ: Transforming growth factors produced
by retrovirus-transformed rodent fibroblasts and human melanoma
cells: amino acid sequence homology with epidermal growth factor.
Proc Natl Acad Sci USA 1983, 80:4684–4688

8. Massague J: Epidermal-like transforming growth factor 2. J Biol Chem
1983, 258:13614–13620

9. Smith JA, Barraclough R, Fernig DG, Rudland PS: Identification of a

transforming growth factor as a possible local trophic agent for the
mammary gland. J Cell Physiol 1989, 141:363–370

10. Normanno N, Ciardiello F, Brandt R, Salomon DS: EGF-related pep-
tides in the pathogenesis of human breast cancer. Breast Cancer Res
Treat 1994, 29:11–27

11. Parham DM, Jankowski J: TGFa in epithelial proliferative diseases of
the breast. J Clin Pathol 1992, 45:513–516

12. Lundy J, Schuss A, Stanick D, McCormack ES, Kramer S, Sorvillo JM:
Expression of neu protein, EGF receptor and TGFa in breast cancer:
correlation with clinicopathological parameters. Am J Pathol 1991,
138:1527–1534

13. McAndrew J, Rudland PS, Platt-Higgins AM, Smith JA: Immunolocal-
isation of a transforming growth factor in the developing rat mammary
gland in vivo, rat mammary cells in vitro and in human breast diseases.
Histochem J 1994, 26:355–366

14. Umekita Y, Enokizono N, Sagara Y, Kuriwaki K, Takasaki T, Yoshida
A, Yoshida S: Immunohistochemical studies on oncogene products
(EGF, TGFa) in human breast cancer: their relationship to ER status,
histology, grade, mitotic index and nodal status. Virchows Arch A
Pathol Anat 1992, 420:345–351

15. Coussens L, Yang-Feng TL, Liao Y-C, Chen E, Gray A, McGrath J,
Seenburg PH, Levinson A, Ullrich A: Tyrosine kinase receptor with
extensive homology to the EGF receptor shares chromosomal loca-
tion with the neu oncogene. Science 1985, 230:1132–1139

16. Yamamoto T, Ikawa S, Akiyama T, Semba K, Nomura N, Miyajima N,
Saito T, Toyoshima K: Similarity of protein encoded by the human
c-erb-B2 gene to epidermal growth factor receptor. Nature 1986,
319:230–234

17. Shih C, Padhy LC, Murray M, Weinberg RA: Transforming genes of
carcinomas and neuroblastomas introduced into mouse fibroblasts.
Nature 1981, 290:261–264

18. Bargmann CI, Hung M-C, Weinberg RA: Multiple independent acti-
vations of the neu oncogene by a point mutation altering the trans-
membrane domain of p185. Cell 1986, 45:649–657

19. Press MF, Cordon-Cardo C, Slamon DJ: Expression of the HER-2/neu
proto-oncogene in normal human adult and fetal tissues. Oncogene
1990, 5:953–962

20. Slamon DJ, Clark GM, Wang SG, Levin, WJ, Ullrich A, McGuire WC:
Human breast cancer: correlation of relapse and survival with ampli-
fication of the HER-2/neu oncogene. Science 1987, 235:177–182

21. Slamon DJ, Godolphin W, Jones LA: Studies of HER-2/neu proto-
oncogene in human breast and ovarian cancer. Science 1989, 244:
707–712

22. Winstanley JHR, Cooke T, Murray GD, Platt-Higgins A, George WD,
Holt S, Myskov M, Spedding A, Barraclough BR, Rudland PS: The
long term prognostic significance of c-erb-B2 in primary breast can-
cer. Br J Cancer 1991, 63:447–450

23. van de Vijver MJ, Peterse JL, Mooi WJ, Wiseman P, Limons J, Dalesio
O, Nusse R: neu-protein overexpression in breast cancer. N Engl
J Med 1988, 319:1239–1245

24. Gusterson BA, Machin LG, Gullick, WJ, Gibbs NM, Powles TJ, Elliot
C, Ashley S, Monaghan P, Harrison S: c-erb-B2 expression in benign
and malignant breast disease. Br J Cancer 1988, 58:453–458

25. Lui E, Thor A, He M, Barcos M, Ljung BM, Benz C: The HER-2
(c-erb-B2) oncogene is frequently amplified in in situ carcinomas of
the breast. Oncogene 1992, 7:1027–1032

26. Gullick WJ: The role of the EGF receptor and the c-erb-B2 protein in
breast cancer. Int J Cancer 1990, 55:55–61

27. Muller WJ, Sinn E, Pattengale PK, Wallace R, Leder P: Single-step
induction of mammary adenocarcinoma in transgenic mice bearing
the activated c-neu oncogene. Cell 1988, 54:105–115

28. Guy CT, Webster MA, Scholler M, Parsons T, Cardiff RD, Muller WJ:
Expression of the neu proto-oncogene in the mammary epithelium of
transgenic mice induces metastatic disease. Proc Natl Acad Sci USA
1992, 89:10578–10582

29. Luccini F, Sacco MG, Hu N, Villa A, Brown J, Cesano L, Mangiarini L,
Rindi G, Kindl S, Sessa F, Vezzoni P, Clerici L: Early and multifocal
tumors in breast, salivary, Harderian and epididymal tissues devel-
oped in MMTV-neu transgenic mice. Cancer Lett 1992, 64:203–209

30. Bouchard L, Lamarre L, Tremblay PJ, Jolicoeur P: Stochastic appear-
ance of mammary tumors in transgenic mice carrying the MMTV
c-neu proto-oncogene. Cell 1989, 57:931–936

31. Suda Y, Aizawa S, Furuta Y, Yagi T, Ikawa Y, Saitoh K, Yamada Y,
Toyoshima K, Yamamoto T: Induction of a variety of tumors by c-
erb-B2 and clonal nature of lymphomas even with the mutated gene
(Val 659 to Glu 659). EMBO J 1990, 9:181–190

32. Guy CT, Webster MA, Schaller M, Parson TJ, Cardiff RD, Muller WJ:
Expression of the neu proto-oncogene in the mammary epithelium of
transgenic mice induces metastatic disease. Proc Natl Acad Sci USA
1992, 89:10578–10582

33. Siegel PM, Dankort DL, Hardy WR, Muller WJ: Novel activating mu-
tations in the neu proto-oncogene involved in induction of mammary
tumors. Mol Cell Biol 1994, 14:7068–7077

34. Lathe R, Vilotte JL, Clark AJ: Plasmid and bacteriophage vectors for
excision of intact inserts. Gene 1987, 57:193–201

35. Hogan B, Constantini F, Lacy E: Manipulating the Mouse Embryo: A
Laboratory Manual. Cold Spring Harbor, NY, Cold Spring Harbor
Laboratory Press, 1986

36. Armstrong DT, Opavsky MA: Superovulation of immature rats by
continuous infusion of FSH. Biol Reprod 1988, 39:511–518

37. Brinster RL, Chen HY, Trumbauer ME, Yagle MK, Palmiter RD: Fac-
tors affecting the efficiency of introducing foreign DNA into mice by
microinjecting eggs. Proc Natl Acad Sci USA 1985, 82:4438–4442

38. Warren J, Blakemore S: Theriogenology 1993, 9:337
39. Sambrook J, Fitsch EF, Maniatis T: Molecular Cloning: A Laboratory

Manual. Cold Spring Harbor, NY, Cold Spring Harbor Laboratory
Press, 1989

40. Soule HD, Vazquez A, Long A, Albert S, Brennan MA: A human cell
line from a pleural effusion derived from a breast carcinoma. J Natl
Cancer Inst 1973, 51:1409–1413

41. Banergee MR, Wood BG, Lin FK, Crump LR: Tissue Culture Associ-
ation Manual, vol 2. Edited by Sanford KK. Gaithersburg, MD, TCA,
1976, pp 457–462

42. Royal College of Pathologists Working Group: Pathology reporting in
breast cancer screening. J Clin Pathol 1991, 44:710–725

43. Hsu SM, Raine L, Fanger H: Use of avidin-biotin-peroxidase complex
(ABC) in immunoperoxidase techniques. J Histochem Cytochem 29:
577–580

44. Warburton MJ, Mitchell D, Ormerod EJ, Rudland PS: Distribution of
myoepithelial cells and basement membrane proteins in the resting,
pregnant, lactating and involuting rat mammary gland. J Histochem
Cytochem 1982, 30:667–676

45. Matsui Y, Halter SA, Holt JT, Hogan BLM, Coffey RJ: Development of
mammary hyperplasia and neoplasia in MMTV-TGFa transgenic
mice. Cell 1990, 61:1147–1155

46. Halter SA, Dempsey P, Matsui Y, Stokes MK, Graves-Deal R, Hogan
BLM, Coffey RJ: Distinctive patterns of hyperplasia in transgenic mice
with mouse mammary tumor virus transforming growth factor a: char-
acterization of mammary gland and skin proliferations. Am J Pathol
1992, 140:1131–1146

MMTV-c-erbB-2 and TGFa Transgenic Rats 313
AJP July 1999, Vol. 155, No. 1



47. Smith GH, Sharp R, Kardan EJ, Jhappan C, Merlino GT: Transforming
growth factor a promotes mammary tumorigenesis through selective
survival and growth of secretory epithelial cells. Am J Pathol 1994,
147:1081–1096

48. Sandgen EP, Schroder JA, Qui TH, Palmiter RD, Brinster RL, Lee DC:
Inhibition of mammary gland involution is associated with transform-
ing growth factor a but not c-myc-induced tumorigenesis in trans-
genic mice. Cancer Res 1995, 55:3915–3927

49. Jhappan C, Stahle C, Harkins RN, Fausto N, Smith GH, Merlino GT:
TGFa overexpression in transgenic mice induces liver neoplasia and
abnormal development of the mammary gland and pancreas. Cell
1990, 61:1137–1146

50. Muller WJ, Lee FS, Dickson C, Peters G, Pattengale P, Leder P: The
int-2 gene product acts as an epithelial growth factor in transgenic
mice. EMBO J 1990, 9:907–913

51. Stamp G, Frentl V, Poulsden R, Jamieson S, Smith R, Peters G,

Dickson C: Nonuniform expression of a mouse mammary tumor virus-
driven int-2/Fgf-3 transgene in pregnancy-responsive breast tumors.
Cell Growth Differ 1992, 3:929–939

52. Kitzberg DI, Leder P: Keratinocyte growth factor induces mammary
and prostatic hyperplasia and mammary adenocarcinoma in trans-
genic mice. Oncogene 1996, 13:2507–2515

53. Foulds L: Mammary tumors in hybrid mice: the presence and trans-
mission of the mammary tumor agent. Br J Cancer 1949, 3:230–239

54. Haraguchi S, Good RA, Engelman RW, Day, NK: Human prolactin
regulates transfected MMTV LTR-directed gene expression in a hu-
man breast carcinoma cell line through synergistic interaction with
steroid hormones. Int J Cancer 1992, 52:928–933

55. Bradbury JM, Arno J, Edwards PAW: Induction of epithelial abnor-
malities that resemble human breast lesions by the expression of the
neu/erb-B2 oncogene in reconstituted mouse mammary gland. On-
cogene 1993, 8:1551–1558

314 Davies et al
AJP July 1999, Vol. 155, No. 1


